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Objective: We sought to investigate whether the addition of ethanol to a preservation
solution (as an antifreeze agent) might allow a reduction of the storage temperature
to 0°C without causing freezing damage and improve lung function after prolonged
(72 hours) ischemia.
Methods: Lungs from Sprague-Dawley rats were ventilated and perfused ex vivo at
37°C for 60 minutes in the following experimental groups: (1) the no ischemia and
reperfusion (no I-R) group (n  7), in which lungs were studied immediately after
harvesting; (2) the LPD24 (n  7) and (3) LPD72 (n  8) groups, in which, after
harvesting, lungs were flushed and immersed in low-potassium dextran solution and
stored deflated at 10°C for 24 and 72 hours, respectively, until reperfusion; and (4)
the TEST72 group (n  9), in which lungs were flushed and immersed in Krebs-
Henseleit buffer with added ethanol (10 mL/L) after harvesting and stored deflated
at 0°C for 72 hours until reperfusion.
Results: Compared with the no I-R group, the other 3 groups had worse lung
function, higher lung water content, and evidence of cell injury at reperfusion (P 
.01). However, lung function at reperfusion (assessed on the basis of either effluent
PO2, peak airway pressure, or mean arterial pulmonary pressure) was better (P 
.01) in the TEST72 group than in the LPD24 or LPD72 groups. Paradoxically, lung
cell structure was better preserved in the LPD24 group than in the TEST72 group
(or the LPD72 group).
Conclusions: In this experimental model of rat lung ischemia-reperfusion injury, a
low preservation temperature (0°C) combined with the addition of ethanol to the
preservation solution improves lung function at reperfusion after 72 hours of
ischemia but fails to maintain lung cell structure.
Lung preservation for transplantation is currently performed by firstflushing and immersing the lung in one of several available preser-vation solutions (eg, low-potassium dextran [LPD] solution) andthen by maintaining it at 4°C to 10°C.1-3 Because cooling decreasesthe metabolic rate and energy demand of the cells, this strategyprotects the organ against ischemic damage3,4 and allows periods of
safe lung ischemia of up to 6 to 8 hours.1,2 In theory a lower preservation
temperature should allow a longer period of safe lung ischemia. However, this is not
normally done because the freezing itself can damage the organ.5
In response to a freezing environmental temperature, some species of frogs
release glucose, ketone bodies, and alcohols into the blood stream.6 This increases
the osmotic pressure and prevents freezing at 0°C.6 Furthermore, because alcohols
can freely cross the phospholipid bilayer of cellular membranes, their concentration
is identical in the intracellular and extracellular domains. This homogeneous intra-
cellular distribution prevents the development of electric or osmotic gradients, and
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therefore water, electrolytes, or both are not pulled through
membranes.6 On the basis of these natural observations, we
hypothesized that the addition of ethanol to the preservation
solution (as an antifreezing agent) might allow a further
reduction of the storage temperature to 0°C without causing
freezing damage and, accordingly, result in a longer pres-
ervation time. To test this hypothesis, we used an isolated,
ex vivo, perfused and ventilated rat lung model of ischemia-
reperfusion (I-R) lung injury.7,8
Methods
Animals
We used male Sprague-Dawley rats weighing 250 to 450 g that
had access to food and water ad libitum and were kept in cages at
a constant temperature for 12-hour cycles of light and dark. In all
cases animals received care in compliance with the “Guide for the
Care and Use of Laboratory Animals” (National Academy Press,
1996).
Design
We studied 4 experimental groups. First was the no I-R group (n
7). Immediately after harvesting (see below), isolated lungs were
mechanically ventilated and perfused with Krebs-Henseleit buffer
(Table 1) enriched with 0.2 g/100 mL bovine albumin (Serva) and
0.3 g/100 mL N-2-hydroxyethylpiperazine-N-2-ethanesulfonic
acid (Sigma) in an organ bath for 60 minutes. Because these lungs
were not submitted to ischemia at any time during the experiment,
the results of this group served to establish the stability and
physiology of our experimental model and to assess the severity of
the I-R injury observed in the other 3 experimental groups.
The second and third groups were the LPD24 (n  7) and
LPD72 (n 8) groups, respectively. Immediately after harvesting,
isolated lungs in both groups were flushed and immersed in LPD
(Table 1) and stored deflated in a precision refrigerator (model
FOC225D, Velp Cientı´fica) at 10°C for 24 and 72 hours, respec-
tively. Then lungs were ventilated and perfused in an organ bath
with enriched Krebs-Henseleit buffer (Table 1) according to the
same methodology described above for the no I-R group. Because
the LPD24 group resembles the preservation strategy normally
used in clinical practice, comparisons with it provide information
about the quality of the longer preservation strategies (72 hours).
The fourth and final group was the TEST72 group (n  9).
Immediately after harvesting, isolated lungs were flushed and
immersed in the solution TEST (with ethanol; see composition in
Table 1) and stored deflated at 0°C (model FOC225D, Velp
Cientı´fica) for 72 hours. Then they were ventilated and perfused in
an organ bath with enriched Krebs-Henseleit buffer (Table 1)
according to the same methodology described above for the other
3 groups.
Methodology
Rats were anesthetized by means of intraperitoneal administration
of sodium thiopental (50-60 mg/kg body weight). Lungs were
isolated and harvested after catheterization of the trachea, main
pulmonary artery, and left atrium, as previously described.7,8
In the organ bath (Radnoti Glass Technology) lungs were pump
perfused (model 7521-75, Masterflex, Radnoti Glass Technology)
at a constant flow of 7 to 8 mL/min at a constant temperature
(37°C; model EX-221, Radnoti Glass Technology) with enriched
Krebs-Henseleit buffer (Table 1). Also, they were ventilated (mod-
el 7025, Hugo Sachs Elektronics) with a tidal volume of 2 mL, a
respiratory rate of 90 breaths/min, and an end-expiratory pressure
value of 3 cm H2O by using a mixture of gases that contained
95% O2 and 5% CO2 (Carburos Meta´licos).
Measurements
During the 60-minute period of ex vivo perfusion and ventilation
in the organ bath, samples of the pulmonary effluent flow were
obtained on minute 5 to determine lactate dehydrogenase (LDH)
concentrations (model CX7/DELTA, Beckmann Instruments) and
every 10 minutes thereafter for PO2 measurement (model BG3000,
IZASA). Airway and pulmonary artery pressures were continu-
ously monitored with calibrated pressure transducers (models 7/IX
and 399/2, Hugo Sachs Elektronics), amplified (models TAM-A
705/1 and CFAA 677, Hugo Sachs Elektronics), and recorded into
a computer by using appropriate software (Atlantis, Lakeshore
Technologies) for later analysis (Pegasus, Lakeshore Technolo-
gies). From these data, we determined the peak airway pressure
(PawP) and the mean pulmonary artery pressure (PAP) values on
minutes 15, 30, 45, and 60 after reperfusion.
To estimate the degree of pulmonary edema at the end of the
reperfusion period, we used the relationship between the wet
weight of the right lung and the total body weight of the animal.7,8
Likewise, we assessed cell viability after reperfusion by using the
trypan blue exclusion method according to previously published
methodology.7-9
Statistical Analysis
Results are shown as means  SEM unless stated otherwise.
Results were analyzed by using a 2-way analysis of variance in
which time and group were considered independent factors. A P
value of less than .05 was considered statistically significant.
When this occurred, differences within each experimental group
through time, as well as differences between groups at the same
point in time, were assessed by using 1-way analysis of variance
TABLE 1. Composition of the different solutions used in the
study
Krebs-Henseleit LPD TEST
NaCl (g/L) 6.896 6.896 6.896
KCl (g/L) 0.350 0.350 0.350
CaCl2 (g/L) 0.368 0.368 0.368
MgSO4 (g/L) 0.296 0.296 0.296
KH2PO4 (g/L) 0.163 0.163 0.163
NaHCO3 (g/L) 2.092 2.092 2.092
Glucose (g/L) 1 1 1
Albumin (g/L) 2 — 2
HEPES (g/L) 3 — 3
Dextran 40 (g/L) — 20 —
Ethanol 96° (ml/L) — — 10
Osmolality (mOsm/L) 310 300 490
pH 7.4 7.4 7.4
TEST, Krebs-Henseleit buffer enriched with bovine albumin, with ethanol
added; HEPES, N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid.
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(followed by post hoc contrasts [least significant difference] when
appropriate).
Results
Lung Function at Reperfusion
Figure 1 shows the mean  SEM values of effluent PO2
(Figure 1, A), PawP (Figure 1, B), and mean PAP (Figure 1,
C) in the 4 experimental groups studied. Effluent PO2 (Fig-
ure 1, A) remained at greater than 600 mm Hg throughout
the experiment in the no I-R group, indicating optimal gas
exchange. In contrast, it decreased significantly (P .01) in
the 3 experimental groups, indicating the presence of I-R
injury. The severity of gas exchange impairment at reper-
fusion was similar in the LPD24 and LPD72 groups (P 
not significant) but was decreased (P  .01) in the TEST72
group (Figure 1, A). The analysis of PawP (Figure 1, B)
yielded a very similar pattern. Hence compared with the no
I-R group, all other experimental groups had higher PawP
values (P .01), but again, these were lower in the TEST72
group (P  .05; Figure 1, B). Finally, mean PAP values
were indistinguishable in the no I-R and TEST72 groups
(Figure 1, C). In contrast, these values were very high in the
LPD24 group (P  .01) and lay in between in the LPD72
group (Figure 1, C).
Overall, therefore, these results indicate that lung func-
tion at reperfusion was severely impaired in the LPD24 and
LPD72 groups (vs the group not subjected to I-R) and better
preserved in the TEST72 group (also vs the group not
subjected to I-R, Figure 1).
Lung Structure After Reperfusion
Table 2 shows the mean SD values of lung water content,
as assessed by the ratio of the wet weight of the right lung
to the total body weight of the animal.7,8 Compared with the
no I-R group, the other 3 experimental groups had higher
values (Table 2), indicating the development of pulmonary
edema at reperfusion. Differences between them were not
statistically significant (Table 2), but the relationship be-
tween the wet weight of the right lung and the total body
weight of the animal showed a tendency toward lower
values in the TEST72 group (11  6) than in the LPD24
group (18  5).
LDH release is a marker of cell injury.10 Compared with
the no I-R group, LDH in the pulmonary effluent flow was
much greater (P  .01) in the remaining experimental
Figure 1. Mean  SEM values of effluent PO2 (A), PawP (B), and mean PAP (C) after reperfusion in the 4
experimental groups studied. The 2 groups preserved with the standard preservation solution (LPD24 and LPD72
groups) are indicated with closed symbols. The group not subjected to any preservation regimen (no I-R group) and
the group preserved with the solution under investigation (TEST72 group) are indicated with open symbols.
Asterisks indicate the statistical significance of differences versus the LPD24 group (*P < .05; **P < .01). For
further explanations, see text.
Aguilo´ et al Cardiothoracic Transplantation
The Journal of Thoracic and Cardiovascular Surgery ● Volume 125, Number 4 909
TX
groups (Table 2), being particularly increased in the LPD72
and TEST72 groups. Actually, LDH release in these 2
groups was greater (P  .01) than that seen in the LPD24
group (Table 2).
As shown in Table 2, cell viability (trypan blue exclusion
method) was very high in the no I-R group (91.7% 7,8%),
and it decreased in the LPD24 group (81.9%  7.3%) and,
to a greater extent, in the LPD72 (65.9%  29.4%) and
TEST72 (61.9%  17.8%) groups.
Overall, these results indicate that lung structure at reper-
fusion (assessed either on the basis of lung water content,
LDH release, or trypan blue exclusion) was altered in the 3
experimental groups subjected to lung preservation (vs the
group not subjected to I-R) and less with shorter preserva-
tion times (LPD24 vs LPD72 or TEST72 groups, Table 2).
Figure 2 shows the relationship between the structure
and function of the lung in each of the experimental groups.
This graph suggest that the severity of the I-R injury (as
assessed on the basis of the efficiency of the lung to ex-
change oxygen) decreases in direct proportion to cell via-
bility. Similar results (not shown) can be obtained if other
functional measures of I-R injury (eg, PawP or mean PAP;
Figure 1) are plotted against other variables related to the
maintenance of lung cell structure (eg, lung water content or
LDH release; Table 2).
Discussion
In this study we tested the hypothesis that the use of an
antifreezing agent (ethanol) might prevent or minimize tissue
damage caused by freezing when the preservation temper-
ature is reduced to 0°C and, consequently, that this strategy
might extend the period of safe lung ischemia up to 72
hours. Our results support this hypothesis in part because, as
shown in Figure 1, lung function at reperfusion (as assessed
on the basis of either effluent PO2, PawP, or mean arterial
pulmonary pressure) was better after 72 hours of preserva-
tion at 0°C with ethanol than after 24 or 72 hours at 10°C
with a standard preservation solution (LPD). However, we
also observed that several indices of lung cell disruption
(lung water content, LDH release, and trypan blue exclu-
sion) were higher in those lungs preserved for longer peri-
ods of time (LPD72 and TEST72 groups) than in those
preserved for 24 hours only (LPD24 group, Table 2). Al-
though this latter observation is not intuitively surprising, it
is difficult to reconcile with better organ function at reper-
fusion (Figure 1) but clearly indicates a dissociation be-
tween the duration of ischemia and the structural derange-
ment of the lung on the one hand and the severity of
lung-function impairment at reperfusion on the other hand
(Figure 2). Overall, therefore, these results raise new ques-
tions and open novel avenues for research in this field.
Potential Limitations
Before discussing the potential mechanisms and implica-
tions of these observations (see below), we think that sev-
eral methodological aspects need to be specifically ad-
dressed. First, we used an ex vivo experimental model. It is
well known that lung responses ex vivo might differ from in
vivo conditions and that observations made ex vivo might
not be reproducible if tested in vivo.9 Thus our results
should be (by now) limited to the specific set of conditions
used here.
Second, we did not use whole blood to reperfuse the
lungs in the organ bath. Rather, we used an enriched Krebs-
Henseleit buffer (Table 1) for the sake of experimental
simplicity and to allow organ perfusion for 60 minutes
without recirculation. This approach, however, does not
reproduce the systemic inflammatory response that might
occur in vivo and that is thought to be one of the mecha-
nisms leading to lung injury at reperfusion.11
Third, in clinical practice there is no consensus about the
composition of the ideal preservation solution, the condi-
tions of lung storage, or both.1,2 We decided to use the
LPD24 group (preservation in LPD at 10°C during 24
hours) as a model for the standard preservation regimen
because preservation solutions with a low potassium content
have been reported to offer good protection of lung function
at reperfusion12-16 and because the optimal temperature of
lung storage in LPD has been established at around 10°C.14
Likewise, we decided to test our hypothesis after a period of
72 hours of ischemia (TEST72 group) because previous
experimental studies have already reported good results
with LPD after 48 hours of lung preservation.15,16
Finally, we decided to use ethanol as an antifreezing
TABLE 2. Lung edema, effluent LDH, and cell viability (mean  SD)
No I-R LPD24 LPD72 TEST72
Lung edema
(Ww/Bodyw  103) 5 2‡ 18 5* 13 2* 11 6*
Effluent LDH (U/I) 25 5‡ 392 102* 749 131*‡ 651 215*‡
Cell viability (%) 91.7 7.8 81.9 7.3 65.9 29.4* 61.9 17.8*†
Ww/Bodyw, Ratio between the wet weight of the right lung and total body weight of the animal.
*P  0.01 versus the no I-R group;
†P  0.05 versus the LPD24 group;
‡P  0.01 versus the LPD24 group.
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agent, but we recognize that many other endogenous alco-
hols (eg, ketona bodies or glycerol), either alone or in
combination, might have also been used for this purpose.
Interpretation of Results
The results observed in the no I-R group were those ex-
pected for normal lungs.7,8 Likewise, the results of the
LPD24 group were similar to those previously reported,12-17
because gas exchange deteriorated rapidly during the initial
20 to 30 minutes of reperfusion and stabilized thereafter
(Figure 1), indicating the presence of I-R injury. Therefore
we believe that these observations support the validity,
stability, and reproducibility of our experimental model.
More intriguing are the observations made on the
TEST72 group (in comparison with the LPD24 and LPD72
groups). We found that the combination of ethanol and a
low preservation temperature (0°C) in the TEST72 group
improved lung function at reperfusion compared with that
seen in the 2 groups in which this was done at 10°C in LPD
(Figure 1). This effect is exactly what our working hypoth-
esis would have predicted. However, at variance with our
expectations, it can be hardly explained by an improved
preservation of lung cell structure (as expected from a
hypothetical antifreezing effect of ethanol combined with
the preservation at 0°C) because all the indices used here to
assess lung structure (eg, lung water content, LDH release,
and cell viability) in the TEST72 group were indistinguish-
able from those of the LPD72 group and much worse than
those of the LPD24 group (Table 2), whereas both the
LPD72 group and, particularly, the LPD24 group had worse
lung function at reperfusion (Figure 1). Because, to our
knowledge, no previous study has investigated the hypoth-
esis being tested here or has used our experimental design,
we lack a direct reference for comparison. With this caveat
in mind, however, we believe that these observations sup-
port several conclusions.
First, lung cell structure deteriorates in direct proportion
to ischemic period (Table 2). This is not surprising and can
be substantiated by many previous studies.1-3 Furthermore,
because we did not find significant differences in any of the
structural indices analyzed between the LPD72 and TEST72
groups (Table 2), the process of lung cell deterioration does
not seem to be influenced (in our experimental model and
on the basis of the relatively crude variables used to assess
lung cell structure) by the preservation temperature (10°C
vs 0°C) or the presence of ethanol.
Second, several lung-function variables at reperfusion
were significantly better preserved in the TEST72 group
than in the LPD72 group (Figure 1). In theory the ischemic
damage depends only on the intensity and duration of the
ischemic insult. Because both were similar in the LPD72
and TEST72 groups, our results dissociate the duration of
the ischemia (72 hours) from the severity of lung-function
Figure 2. Relationship between the maintenance of the lung cell structure after reperfusion (as assessed on the
basis of the percentage of viable cells by using the trypan blue exclusion method) and the severity of the I-R injury
(as assessed on the basis of the effluent PO2 values at the end of 60 minutes of reperfusion in the organ bath). Note
that there is an inverse relationship between these factors in all groups subjected to I-R. For further explanations,
see text.
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derangement at reperfusion (Figure 1) and suggest that the
combined used of ethanol and low preservation temperature
would have contributed somehow to reduce the degree of
I-R injury (Figure 1), despite failing to improve the preser-
vation of the lung cell structure (Table 2). The mechanisms
underlying this observation are currently unclear and de-
serve future investigation. However, they can be related to
some of the endogenous mechanisms of lung protection
against freezing, ischemia, or both that have been recently
described, including those underlying the phenomenon of
ischemic preconditioning18,19 and the expression of heat
shock proteins.20 In any case this observation indicates that
the severity of lung I-R injury might not only depend on the
intensity and duration of the ischemic insult but also on the
capacity of the lung to sense and react to it. A better
understanding of the cellular mechanisms involved in this
latter pathway might open new possibilities for the treat-
ment of lung I-R in clinical practice.
Finally, taken together, our results also suggest an in-
verse relationship between the maintenance of lung struc-
ture and the intensity of lung-function impairment at reper-
fusion (Figure 2). This is a paradoxical observation the
mechanisms of which are also unclear but might well be
related to the same type of endogenous protective mecha-
nisms alluded to above, which clearly deserve further in-
vestigation.
Conclusions
Our results indicate that in an ex vivo model of rat lung I-R
injury, a low preservation temperature (0°C) combined
with the addition of ethanol to the preservation solution
(as an antifreezing agent) improves lung function at
reperfusion after 72 hours of ischemia (vs the standard
preservation strategy [LPD at 10°C] for 24 or 72 hours).
Yet at the same time, this strategy failed to improve
several indices of lung cell structure. These observations
clearly dissociate several of the factors considered (to
date) key in lung preservation (eg, the intensity and
duration of the ischemic insult), suggest that endogenous
mechanisms might also participate in lung protection
against long-term I-R lung injury, and raise many new
questions and possibilities that will have to be addressed
in future investigations.
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